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Abstract
A selfconsistent treatment of nonperturbative effects in inclusive nonleptonic and
semileptonic decays of beauty and charm hadrons is presented. It is illustrated by
calculating semileptonic branching ratios, lifetime ratios, radiative decay rates and
the lepton spectra in semileptonic decays.
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1. Sketch Of General Method
It is the goal of our analysis to calculate transition rates for inclusive non-
leptonic and semileptonic decays in terms of the fundamental parameters, namely
quark masses, KM parameters and ΛQCD without invoking Voodoo. Nonperturba-
tive effects – namely boundstate dynamics in the initial state and hadronization in
the final state – have to be incorporated here. We will do that via an expansion in
1/mQ (mQ is the mass of the heavy flavour quark Q). For the beauty quark mass
is certainly much larger than typical hadronic scales, and an extrapolation down to
charm hopefully still makes sense.
The width for the decay of a hadron with the heavy flavor Q into an inclusive
final state X is obtained from the transition operator Tˆ (Q → X → Q) describing
the forward scattering of a heavy quark Q via an intermediate state X. Then we
take the imaginary part of the matrix element of Tˆ between the state HQ:
Γ(HQ → X) ∝ G
2
F 〈HQ| Im Tˆ (Q→ X → Q)|HQ〉. (1)
One actually proceeds in two steps to evaluate this quantity:
(a) The nonlocal second-order operator Tˆ is expanded into a series of local operators
O(i) of increasing dimension with coefficients ci that contain increasing powers of
1/mQ
Im Tˆ (Q→ X → Q) ≃
∑
i
ciO
(i) (2)
(Strictly speaking, the expansion parameter is 1/E where E is the energy release,
rather than 1/mQ.) The lowest dimensional operators O
(i) thus dominate for large
mQ.
(b) One has to evaluate the matrix elements 〈HQ|O
(i)|HQ〉; it is at this level that one
differentiates between the decays of heavy flavor baryons and neutral and charged
pseudoscalar mesons, i.e. ΛQ, P
0 and P±. This approach was explicitely formulated
in ref.1 and has been supported by the analysis of ref.2.
(1) The general expansion of Im Tˆ is as follows (for details see 1−4)
Im Tˆ (Q→ X → Q) = c˜
(X)
3 m
5
QQ¯Q+ c˜
(X)
5 m
3
QQ¯ iσGQ+ c˜
(X)
6 m
2
Q(Q¯Γq)(q¯ΓQ) +O(mQ)
(3)
with iσG = iγµγνGµν , Gµν being the gluonic field strength tensor. The coefficients
c˜
(X)
i are calculable dimensionless numbers that depend on the mode X. Once the
matrix elements between the states HQ are formed the first term on the right hand
side of eq.(3) yields (among other things) the usual free ‘spectator’ result; the second
one constitutes a new type of ‘spectator’ contribution; the third term represents
‘non-spectator’ contributions due to W-exchange (‘WA’) and interference effects
(‘PI’).
(2) The relevant matrix elements of the operators Q¯Q, Q¯ iσGQ and (Q¯Γq)(q¯ΓQ)
have been evaluated so far. For Q¯Q one employs a nonrelativistic 1/mQ expansion:
Q¯Q = vµQ¯γµQ+
1
4m2Q
Q¯ iσGQ−
1
2m2Q
Q¯ (D2 − (v ·D)2)Q+O(1/m3Q) . (4)
2
Dµ denotes here the covariant derivative and vµ is the 4-velocity vector. One finds:
〈HQ|Q¯γµQ|HQ〉 = 1 · vµ ( if 〈HQ(~p
′)|HQ(~p )〉 =
E
M
· (2π)3 δ3(~p ′ − ~p ) ) (5)
〈PQ|Q¯ iσGQ|PQ〉 ≃
3
2
(M2(VQ)−M
2(PQ)) (6)
〈ΛQ|Q¯ iσGQ|ΛQ〉 ≃ 0 ; ΛQ = Λb,Λc ; PQ = B,D ; VQ = B
∗, D∗. (7)
The operator Q¯(D2 − (vD)2)Q describes the kinetic energy of the heavy quark in
the gluon background field; the masses of ΛQ, PQ, VQ yield some information on its
size.
Finally we employ the approximation of factorization 〈PQ|(Q¯Γq)(q¯ΓQ)|PQ〉 ≃
〈PQ|Q¯Γq|0〉〈0|q¯ΓQ|PQ〉 with the operators normalized at the low hadronic scale.
2. Qualitative Results
The decay widths of a heavy flavor hadron HQ look as follows:
Γ(HQ) = Γ(Q) · [1 + a
(HQ)
2 /m
2
Q + a
(HQ)
3 /m
3
Q +O(1/m
4
Q)] (8)
where Γ(Q) is the free quark width with all purely perturbative effects included.
(a) The free spectator ansatz thus holds through terms of order 1/mQ.
(b) The first nonperturbative corrections enter on the 1/m2Q level with
a
(Λb)
2 6= a
(B−)
2 = a
(Bd)
2 ≃ a
(Bs)
2 (9)
(c) ‘Conventional’ non-spectator effects – WA and PI – emerge on the 1/m3Q level:
a
(B−)
3 < a
(Bd)
3 < a
(Λb)
3 (10)
(d) In charm decays these nonperturbative corrections exhibit similar pattern while
being larger by roughly factors of (mb/mc)
2 ∼ 10 and (mb/mc)
3 ∼ 30, respectively.
3. (Semi-)Quantitative Phenomenology
3.1 Semileptonic Branching Ratios: Corrections 1/m2b
The semileptonic and nonleptonic transition operators for b → c decays in
the external gluon field are given by:
ΓˆSL = F {z0b¯b−
z1
m2b
b¯ iσG b}, ΓˆNL = FNC{A0(z0b¯b−
z1
m2b
b¯ iσG b)−
4A2z2
m2b
b¯ iσG b}
(11)
with z0 = 1 − 8x + 8x
3 − x4 − 12x2log(x), z1 = (1 − x)
4, z2 = (1 − x)
3 and x =
m2c/m
2
b describing the relative phase spaces, A0 = (c
2
+ + c
2
−
)/2 + (c2+ − c
2
−
)/2NC
and A2 = (c
2
+ − c
2
−
)/2NC denoting the QCD radiative corrections (NC=number of
3
colours) and F = G2Fm
5
b |Vcb|
2/ 192π3. Thus we find a reduction in the semileptonic
branching ratio:
δBRSL(B)
BRSL(B)
≃ 6 ·
M2B∗ −M
2
B
m2b
A2z2
A0z0
· BRNL(B) < 0 (12)
This reduction is of the order of 5% in B decays; BRSL(Λb) remains practically
unaffected by nonperturbative corrections on the 1/m2Q level due to eq.(7).
In charm decays on the other hand one obtains a much larger reduction:
δBRSL(D)
BRSL(D)
∼ −O(50%) . (13)
It is worth noting that in charmed particles some of the O(m−3c ) corrections are
numerically as large as the O(m−2c ) ones.
The last term in eq.(11) is produced by an interference between two different
color flow amplitudes (it represents a non-factorizable contribution). It is worth
noting that it is approximately saturated4 by non-factorizable contributions to a few
exclusive amplitudes that were estimated in ref.5 arising due to the same operator.
3.2 Lifetime Ratios
Small differences are predicted for the lifetimes of the different beauty hadrons:
1.02 ≤ τ(B−)/τ(Bd) ≤ 1.08 for 130MeV < fB < 250MeV ;
(14)
these effects are mainly due to ‘PI’ with ‘WA’ being rather small1,2. A preliminary
analysis shows that τ(Λb) and τ(B) could differ by up to 10-15 %.
Extrapolating these findings down to charm one obtains much bigger effects:
τ(D+)/τ(D0) ∼ 2 mainly due to ‘PI’ with ‘WA’ providing a 20% contribution at
most. An intriguing ‘roller coaster’ story thus unfolds behind the semileptonic
branching ratios for D mesons: on the m5Q and m
4
Q levels one gets the parton
result BRSL(D) ≃ 15%; 1/m
2
Q corrections suppress it roughly by a factor of two:
BRSL(D) ≃ 8%; 1/m
3
Q effects finally differentiate between D
0 and D+ decays by
suppressing ΓNL(D
+) such that BRSL(D
+) ≃ 16% holds while affecting BRSL(D
0)
only a little.
3.3 b→ sγ
The chromomagnetic dipole operator affects also radiative b→ s+ γ decays:
Γˆγ ∝ m
5
b { b¯ b − 1/m
2
b b¯ iσG b } ; (15)
yet the ratio BR(B → γ + (S = −1)) / BR(B → lνX) remains practically un-
changed.
3.4 Lepton Spectra in Semileptonic Decays
Lepton spectra in semileptonic beauty and charm decays can be treated6 in
an analogous fashion where one relies on an expansion in 1/(pQ − pl)
2 rather than
4
in 1/m2Q with pQ [pl] denoting the momentum of the heavy quark Q [the lepton l].
In the limit of the vanishing quark mass in the final state of b→ qlν and neglecting
the gluon bremsstrahlung one obtains7:
dΓ
dy
∝ y2 [
3
2
−y+ (
5
3
y+
1
3
δ(1−y)+
1
6
(2y2−y3) δ′(1−y))
K
2
+( 2+
5
3
y−
11
6
δ(1−y))
G
2
]
(16)
where y = 2El/mb, K = 1/m
2
b · 〈Hb|b¯ ~D
2b|Hb〉 and G = 1/2m
2
b · 〈Hb|b¯ iσG b|Hb〉.
The δ-functions (for mq = 0) reflect the blowup of the expansion near the endpoint.
It is important however that the integral over a small region ∆y > µ/mb (µ is a
hadronic scale) around the endpoint is correctly reproduced by that of eq.(16).
4. Outlook
Obviously our analysis on the lepton spectra has to be finalized7. Beyond
that there are two intriguing areas for further study, namely
– the question of SU(3)flavour breaking, e.g. the relation between D
0 and Ds
and between Bd and Bs decays;
– the vast realm of heavy flavour baryon decays.
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